MEASUREMENT INFORMATION PROCESSING

UDC 681.78 https://doi.org/10.15407/vidbir2019.47.040

MICHELSON INTERFEROMETER STABILIZED SCHEME
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The operation of Michelson interferometer stabdizecheme for detecting acoustic surface
waves (SAW) is analyzed. The case when interfdsgams form a certain angle between them
resulting in the formation of interferential fielld the form of periodic fringes is examined. The
analytical expression for the signal obtained ia AW detection, using such a scheme is
formulated and considered. The conclusion on thestance of the suggested interferometer
scheme to vibrations is proved.
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CTABLII3BOBAHA CXEMA IHTEP®EPOMETPA MAMKEJIbCOHA
JIJISI PEECTPAIII IOBEPXHEBUX AKYCTUUYHHUX XBWJIb

B. P. Ckxanbcbkuii, O. M. Mokpuii
®iznko-mexaniynuii iHcTuTyT imM. I'. B. Kapnienka HAH Ykpainn, JInBiB

IpoananizoBaHo poGOTY Ta 3alPOIIOHOBAHO cxeMy iHTepdepomerpa MaiikenbcoHa, Kuit CTii-
KMH 10 BiOpariil 3a peecTpaiii HUIM MOBEPXHEBUX aKyCTHYHHX XBWIb. Po3risHyTo cxemy, B
SIKili TIPOMEHI YTBOPIOIOTH MEBHUIT KyT MiXk cO00I0, BHACIIIZIOK YOT0 Ha MOBEPXHi (oTonpHiima-
4ya BUHHUKAE iHTepdepeHLiiiHa KapTHHa y BUIIIAL TapalelnbHUX cMyT. [HIII0I0 0ocoOnuBicTio BU-
MIpIOBAJIBHOI CXEMH € Te, L0 MIHPHHA 30HAyBAJIbHOTO IPOMEHS Oijblla 3a JOBXHHY MOBEPX-
HEBOI aKyCTHUYHOI XBIIi. BUkoHaHO 4nCIOBUI aHaNi3 PO3MOLTY 3MiHU (ha3H POMEHs, BiOH-
TOTO Bif TIOBEPXHI 3pa3Ka, 30ypeHoi MOBEPXHEBOIO aKyCTHIHOIO XBHIIEIO. [yt po3paxyHKy 3a-
crocoBano Merox Kipxroda. ITpuilHATO rayCiBChbKHM PO3MOALT HANPYKEHOCTI ENEKTPHYHOTO
TOJISL JIA3€PHOTO BUNPOMiHIOBaHHS. [ofaHo pe3ynbTaTn pO3paxoBaHOTO MPOCTOPOBOTO PO3IO-
niny (a3u ONTHYHOTrO MOJS I Pi3HUX JTOBXKHH ITOBEPXHEBHX aKyCTHYHMX XBMIIb. [Ioka3aHo,
IO Ticns BiAOMBAHHS Bijl MOBEPXHI 3pa3ka po3moAin a3y ONTHYHOrO OISl MAE MePioJHIHuUiT
XapakTep, SKWil BU3HAYAEThCS JOBXKUHOIO MOBEPXHEBOI aKyCTHYHOI XBHJIi. TakoX BHSBICHO
oco0uBOCTI (pa30BOI CTPYKTYPH ONTHUYHOTO HOJIS, SKi OB’ 3aHi 3 HOPYIIEHHSIM MepPioMIHOC-
Ti 1 3aJIeKaTh BiJ CIIBBIHOIICHHS JOBXHH ONTHYHOI i aKyCTHYHOI XBIIIb. BpaxoBytoun mepio-
JUYHHUA PO3HOia 3MiHU a3y B 30HIyBaIbHOMY IIPOMEHI, OTPHMAJIX BUpPa3 VISl CHIHAILY, KU
PeeCTpyIOTh 3a JOIOMOTOIO 3alpOINOHOBAHOI cXeMH iHTepdepomerpa Malikenbcona. Anai-
THUYHO OTPMMAHO PO3B’ 430K, SKUH BU3HAUa€ YMOBH, KOJM HyTJIUBICTH iHTEpdepoMeTpa He 3a-
JIOKHUTH Bil PI3HHLI XOAy HPOMEHiB. Takol0 YMOBOIO € PiBHICTb JTOBXHHH IIOBEPXHEBOI aKyc-
THUYHOI XBHJIi Ta INUPHHM iIHTEP(HEPEHIIHHOT CMYTH, a TAKOXK JOCTATHS IIMPHHA 30HyBaJILHOTO
ONITHYHOTO MPOMEHS, SIKa TOBUHHA OYTH OUIBILOIO 3a JOBXKHHY ITOBEPXHEBOI aKyCTUYHOT XBHJIL.

KunrouoBi cioBa: inmeppepomemp Maiikenvcona, besxonmakmuna peccmpayis, cmabinizosa-
Hutl inmepghepomemp.

The registration of ultrasonic waves in solid staith the help of laser interference
methods has been intensively developing latelyhSuethods have considerable ad-
vantages over contact detection methods, suchghistinne and space resolution and
lack of contact. Detection of the SAW by Michelsmterferometer belongs to such
methods. One of the major problems complicatingajhy@ication of this scheme is the
negative impact of mechanical vibrations. The comepts of the interferometer affected
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by vibrations are displaced
and the interferometer path Laser J
difference changes. For the

values of path difference
equal toNA/2, whereN is an

integer and\ — optical wave-
length, its sensitivity is equal
to zero. Various methods of

G’ Sample
eliminating this effect are used Photodetector

Interference
pattern
[1- 3]. A new method of sta-

bilization which can be used Fig. 1. Scheme detection of SAW by Michelson irdesfeter.

for the detection of SAW was

suggested and investigated experimentally in pa@érdhe main feature of the sug-

gested measuring scheme consists in the creatiotieoference pattern in the form of

periodic fringes on the photodetector surface. Paitiern is formed as a result of the

existence of some angle between the interferingnsedhe scheme of the detection

setup is shown in Fig. 1. The total interfereneddfis registered by the photodetector.

The width of interference fringes is commensurabkith the SAW wavelength. The

diameter of the interferometer optical beam is etushe SAW wavelength or larger.

With the help of such a scheme a few millimetersgl®SAW can be detected. We

considered the case when the SAW frequency rang®isging from a few MHz up to

tens of MHz. The sensitivity of this scheme is Ealnder vibrations and is not critical

to the diameter of the reference optical beam. Jdq@er provides the analysis of the

features of the SAW detection by this scheme.
Mathematical scheme

model. Sample mirror - sur- Reference | Reflected optical

face, where SAW propagates, optical wave

is considered. In the analysis

of the measuring scheme the 'S ‘

SAW amplitude is assumed D e .

to be significantly smaller 4_ H {' é"

Sample surface
than the length of optical -
radiation. Fig. 2 shows a part e Beam
of the interferometer scheme  photodetector | X2 splitter
illustrating the operation of

the scheme. The interference Mirror
pattern is formed on the sen-
sitive section of the photode-
tector. The sum of the wave
reflected from the interferometer mirror and phasmlulated waveeflected from the
sample surface is considered. The reflected waasgmodulation arises as a result of
the sample surface shift under the effect of SA@é (Big. 2). The optical beam width
is significantly greater than the SAW wavelengthi the photodetector diameter is
smaller than the optical beam width registering/@ame portion of its radiation.
Spatial distribution of the phase of the refleatptical wave near the sample sur-
face has the same period as the SAW length. The spatial period of the reflected
wave phase modulation is assumed to exist neasutface of the photodetector as
well. Let us consider the conditions for which thtatement is true. The Talbot effect
consisting in the reproduction of the image of gnate at some distance from it, when
parallel beam of light passes through it, is welbwn. This distance is equal to the
value A%\, where) is the optical wavelength, while is a periodic structure period.
The image is also created at a distané@ with the image phase-shifted by half

S e
~__ Mirror

Fig. 2. Schematic of a Michelson interferometer.
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period. It should also be noted that there appdawaimages at different distances.
This is a near-field diffraction effect. Its emenge is conditioned by<<A, as well as
by a great number of grate periods. The emergehdbeoimage is caused by the
regeneration of the optical wave spatial phasel fadiktribution. The width of the
optical beam should be large enough since difivactiffects distorting the optical field
structure arise when the beam is narrow.

For the wave reflected from the surface of the daraper which the SAW propa-
gates the conditioh<</A\, whereA is the acoustic wave length, is true. It givesassons
to expect the spatial phase structure of the dptieae reflected from the surface over
which the SAW propagates to be regenerated at sistance.

In order to make sure the numerical simulation determining spatial phase
distribution of the reflected optical wave was @ir out. The simulation was
performed with the help of Huygens—Fresnel's pptei Gauss distribution of the
amplitude of electromagnetic wave electric fieldtba sample surface

_(x=%)?
e 207 ’ (1)

1

E(x) =

wherexyis optical beam centre coordinate, b is distriouparameter.
The shift of the sample surface under the SAW éf#¢@ certain period of time
was preset by the expression:

y= hsin(z—/\n xj , (2)

wherey is a coordinate perpendicular to the sample sertaés the SAW amplitude;
N\ is the SAW wavelength.

For determining the phase of the optical wave ctfig from the sample surface
the following expression was used [5]:

Zé’kr
2

r

a

E(&,y)=L.JE(>f,y) dx @)

21 a
whereE(x) is electric field stress of electromagnetic wawethe surface in the spot
with coordinatex; k is wavenumberz is distance from the sample surface to the sur-
face on which the electromagnetic wave amplitudealsulatedy is distance from the
area of the sample surface to the surface areaharhwhe electromagnetic wave am-
plitude is calculated;&is size of the sample surface over which the natiémn is carried
out. With the help of expression (3) spatial dmition of the change of the optical wave
phase, owing to the shift of the sample surfacéusad. That is, spatial distribution of
[ value is calculated

B = Bsaw - BO ) (4)

where Bsaw is the phase of the optical wave reflected froe shmple surface at the
presence of the acoustic surface wdlgis phase of the optical wave reflected from
the sample surface in the absence of the acousfacse wave.

In the calculations the SAW amplitude was takebeiequal to 1 nm, optical wave
length — 0.5um, distribution parameter in expressionl§) 0.7 mm. Spatial distribution
of the change of phase obtained from numeric calculations is shown ig.H. The
diagrams for different SAW wavelengths are giverankthe diagrams obtained one
can see that the change of the wave phase duefagesaeformation will be restored in
the phase of the reflected wave at some distamce the sample surface. A distinct
periodic structure of the optical field phase cherig observed at a distandé/A,
which corresponds to the same distance for theotafect. Numeric calculations
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show that phase change distribution at distakféke and distance/2/A are shifted by
a half-period that also corresponds to the samiityjoéthe Talbot effect.

Fig. 3. Space distribution of the reflected wavit gihase:
a-A=02mmb-A=05mmgc-A=10mmd-A=15mm.

Numeric calculations show that for each SAW leniiére exists some distance
beginning from which the phase change has no $gmigodic structure. With SAW
wavelength equal to 0.2 mm periodic phase chanfiebwiobserved at a distance not
greater than 300 mm from the sample surface (Ry. Bhis distance increases with
increasing SAW wavelength, and periodic dependehphase change will be observed
at a much greater distance (Figp—8). When the SAW wavelength decreases the value
of A%/ becomes small; the area, where periodic structioptical wave phase change
is observed, becomes smaller as well. That is widgan assume that periodic structure
of the reflected optical wave corresponding to shét of the sample surface can be
obtained for the SAW wavelengths over 0.1 mm.

Thus, on the basis of numeric calculations it caicdncluded that at some distances
from the surface spatial periodic structure of tipdical field phase change with the
period equal to the SAW length, is observed. Taa fs used in the stabilized scheme
of SAW registration and correspondingly the analydithis scheme is based on it.

Analytical analysis of the SAW detecting scheme. We assume that SAW is a
plane wave. As we have already mentioned we asthahspatial phase distribution in
the photodetector plane corresponds to the samplace shift. We also assume that
optical beam width is greater than several SAW \emgths that corresponds to the
given numeric analysis.

Light intensity in interference is determined bygession [6]:
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=1+, +2 | ,co8 , (5)

wherel; andl, are interfering beam intensity;is phase difference between these beams.
Expression (5) describes spatial distribution @& ithterference pattern intensity in the
case when phase shift and intensitieandl, in its each area are preset. We assume
that the intensity of interfering beams is consttregach spot of the interfering pattern.
Phase difference in the Michelson interferometdoimed due to several mecha-
nisms: path difference, the angle between rays that form a periodic fetence
pattern, shift of the sample surface under thecetieSAW by amplituddn, frequencyw
and wavelength\. Thus, expression (5) describing the intensitytha interference
pattern at each spot can be written as [3]:

|:|1+|2+2\/|12C0{2)\—n(ﬁ +}\—LX+B sirﬁzTnXHu]D. (6)

Let us expand expression (6) into Taylor series mjdct summands with a
degree higher than one bybecause of their being very small since the valul is
much smaller thah:

4  2ix) | 4rth . ( 4nd . 2nx) . dTX
I =1+l ,+2l co + + Si + Si +wt|p. 7
Pl 12{{A Lj A {A LJ'E/\ j} @
The intensity of the interference pattern consi$tavo parts, one of which being
unchanged with time while the other changes wittetiLater on we will consider only

the part of this expressidathat changes with time, since it is this part thetermines
the signal which is the informative signal durihg SAW registration.

I::&/Illz%sin(%m+%()si %ﬁm). )

Photocurrent is proportional to the total intensifythe light obtained on the sen-
sitive area of the photodetector. Let's assumewtitth of the optical beam be con-
siderably larger than the width of the sensitiveaaof the photodetectar For the
changing part of the photocurrent we can write down

r/2
=3 [ 1ax, 9)
r
-r/2

wherei- is changing constituent of photocurregis proportionality factorr is width
of the sensitive part of the photodetector. With thincrease the total capacity on the
photodetector increases and, correspondingly,igmalisfrom the photodetector grows
as well. Therefore it is necessary to introducetipligr |/r for sensitivity rating. Even
spatial distribution of light intensity over theara section is adopted.

After integration we get the expression:

| hiA - m_m 4nd _ _
|:—4T\/Emsm(r (f ADCO{ X m)

-4= Illzh—u\sinr LLFULL | % 4—T[d+01 :
r AL +A) L A A

Expression (10) shows the dependence of photocurretiieorelation of optical
scheme parameters, optical wavelengtand the SAW wavelength. The major im-
portance for our case is the dependence of the \@lpdotocurrent on the value of
path differencel and photodetector width

(10)
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First of all, the characteristic of the traditiorsdheme of the SAW detection is
worth examining [1]. Geometry is used in it whee thidth of the interference fringe
is very large, while the width of the sensitiveaad the photodetector is considerably
smaller than the SAW wavelength. Having assumetttieawidth of the interference
fringe is equal to infinity, expression (10) canrbduced to the following form:

g9 A ) o 4
|:—8rm X sm[/\)su‘( X )sn(m). (11)

It is seen from the equation that the current bdlequal to zero when the path
difference is equal td = AN/4. Then the phase difference between the intarfeter
rays will be equal taiN. This causes some difficulties with the acoustwes detection
using Michelson interferometer, since slight vilmas can lead to the change of the
path difference sufficient for the scheme sensitité become equal to zero. In order to
eliminate this effect we suggest a stabilized saharith the angle between the inter-
fering beams [4].

It can be concluded from expression (11) that themome effect of the width
on the scheme sensitivity. With the substitutio\ = v this expression can be written

as follows:
i =8gm/14l, ;‘ S":/(V)sin( 4”0'] sings ). (12)

A

Multiplier sin(v)/v will determine the dependence of sensitivity oawidth of the
part of optical beam getting on the photodetectbius, maximum sensitivity will be
for small values of. It also proceeds from (12) that photocurrent télequal to zero
for the values of determined from the condition:

LI
sin—=20. 13
A (13)

The width of the optical beam in this case hasstammensurable with the SAW
wavelength. On the other hand, it results from eggpion (12) that SAW can be regis-
tered with the help of beams wider thlanbut the signal from the photodetector will be
much smaller than in the case of beams with lowesbfr.

Let us consider a more common case when the inade pattern is a periodic
system of interference fringe, caused by the exigteof the angle between the inter-
fering beams. The case when the interference frivigéh is commensurable with the
SAW length is of special interest. To analyze sacéituation it is necessary to come
back to the analysis of expression (10). This esgiom allows us to find conditions
under which the sensitivity will not depend on ttenge of path differenckand thus
the detection scheme will be stabilized. From treey vwxpression (10) looks one can
conclude thad will not affect sensitivity in case one of the suands is equal to zero.
In this case the other summand will determine thleies of the signal from the photo-
detetor. The change of the path difference willltesnly in the change of the signal
phase leaving the signal amplitude of the signahanged. Thus, we can name two
sets ofr values with which the scheme will be stabilizedagard to vibrations. These
values are preset by the expressions:

({5
(-7
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Besides, one more condition of the detecting schniee stable to vibrations
resulting from the condition when one summand istmgreater than the other, can be
named. The first summand of expression (10) hafipthet:

. A-L
LA m T S| LA
————sin|r| ———||= . 15
f(A-L) [ (L /\D fA-L) (15)
LA
1 Expression (15) adopts
maximum value wheh = A,
while r can adopt any values.
0.6 1 2 Thus, whenL = A the value
of the expression does not

0.8 ] /

041 depend onr. On the other
0.2 1 hand, the second summand
AN U of expression (10) has multi-
0 NS S T am plier i and decreases with
021 ' the increase ofr. Fig. 4

shows the dependence of the
amplitudes values of these
two summands om. In the
calculations we assume that
L=A =1 mm. ltis clear that
asr increases the value of the second summand coabigletecreases in regard to the
first one. The contribution of the second summanissignificant at rather high values
of r allowing us to state that the scheme is stablébi@tions.

CONCLUSION

The scheme of the SAW detection built on the bakislichelson interferometer
has been examined. The characteristic featureeoftheme is the existence of some
angle between the interfering beams as well afattie¢hat the size of the beam is larger
than the SAW wave length. Conditions under whigh sitheme will be stable to vibra-
tions have been found with the help of numeric $athon and analytical examination.
The stabilization is possible in two cases. Thet fine corresponds to certain width of
the optical beam determined by the SAW wavelengththe interference fringe width.
The other case is observed under the conditiomoadlevalue of the SAW wavelength
and interference beam width under the conditionattith of the optical beam is larger
than the SAW wavelength.

Fig. 4. The amplitudes of two summands of expressio
(10) versus the width of the photodeteator

(L =A =1 mm):1 - angent? — addend.
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